
A Fermi National Accelerator Laboratory 

FN-456 
0106.000 

Damping of Coupled-Bunch Growth 
by Self-Excited Cavity 

K.-Y. Ng 
Fermi National Accelerator Laboratory 
P.O. Box 500, Batavia, Illinois 60510 

June 1987 

orated by Universities Research Association Inc. under contract with the United States Department of Energy 



1 INTRODUCTION 

The bunch area of a typical bunch in the Fermilab Booster across transition 
had been measured by Crisp’ and is shown in Fig. 1. We see that the bunch area 
is roughly constant before transition but increases abruptly after t,ransition. The 
mountain-range pl,ot of Fig. 2a reveals quadrupole oscillations of the bunch after 
transit,ion. This is due to space-charge effects which alter the rf pot,ential and allow 
for a shorter bunch after transition. Thus, after transition, the bunch does not fit 
the bucket and starts tumbling.’ Figure 2b shows the same mountain-range plot 
but with a transition jump mechanism installed. With the elimination of space- 
charge effects, we begin to see a coupled-bunch pattern. Several suggestions have 
been proposed to cure the coupled-bunch coherent growth. These include the 
damping of the particular resonances that are driving the growth, a fast damper 
to decouple the coherency, a Landau cavity to provide more Landau damping, 
and a self-exciting cavity to cancel the coupling.3 In this note the possibility of 
the self-exciting cavit.y is examined. 

2 THEORY 

For the rigid dipole mode and coupled-bunch mode s, the coherent shift in 
synchrotron tune without any Landau damping is given by4 

iqI,,k 

A”8 = 4n/Pv.,,( E/e) ‘err 
s=o,1,2 ,..., k-1, 

with the effective impedance defined as 

Z eff = F “Pe +~~&+,wO) : (21 
p=-m 

and 

up = pk t s t v.0 (3) 

In the above, T/ is the frequency flip parameter, I, is the average current, of one 
bunch, v,~ is the spnchrotron tune at zero amplitude, E/e the total energy of a. 
bunch particle per unit charge, ,!3 is the particle velocity divided by the velocity 
of light, wO/27r is the frequency of revolution of the particle wound the Booster 
Ring, and k = 84 is the number of identical bunches each with RMS length g,+ 
in radians. The longitudinal impedance Z(uPwO) consist,s of a number of sharp 
resonances of the rf cavities. 

Take for example the resonance at f? = 85.8 MHz, shunt impedance Z. = 
1.564 MR, and quality factor Q = 3378. As the particles accelerate, a spectral line 
of the bunch corresponding to coupled-bunch mode s = 53 crosses the resonance 
at positive frequency while a line corresponding to s = 31 crosses the resonance 
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at negative frequency at a slightly later time (at exactly the same time if v.o = 0). 
According to Eq. (l), mode s = 53 will grow while mode s = 31 will be damped 
(see Fig. 3). 

Griffin3 pointed out that if a complementary resonance is placed near (84 + 
31)w0, a s = 53 line will cross this resonance at negative frequency giving a 
damping of the s = 53 mode. . The s = 31 will grow, however, because the 
(84 + 31)~ line will cross the same resonance at positive frequency. Hopefully, 
this growth may be cancelled by the damping supplied by the original resonance. 
This additional resonance can be furnished by the excitation of a carefully-tuned 
cavity by the bunch. The merit of such a device lies in its simplicity. 

Let the angular frequencies of the original and complementary resonances be w, 
and w: respectively. Tk’hen a spectral line corresponding to coupled-bunch mode 
s crosses the original resonance, suppose that the angular revolution frequency is 
uO. We can nrik: 

w, = (n, i u,o)wo , (4) 

where 

vp = np t us0 , (5) 

and 
np = pk $ s p = some integer (6) 

Note that in order for this resonance to drive the growth of mode s, vP must be 
positive. If we want another spectral line of mode s to cross the complementary 
resonance at the same time and receive a damping drive, we must have 

with 

- u: = (-7Lp’ + v,o)wo ) (7) 

- nps = -p’k + s , (8) 
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for some integer p’. Note that 

VP’ - -np, t vaf) (9) 

must be negative to effect a damping. Combining Eqs. (1) and (4), we get 

(,&I' z a, 
%' - ~80 

I 
np t v.0 

(10) 

On the other hand, the original resonance will cause damping and the comple- 
mentary resonance will cause growth for coupled-bunch mode k - a. One of the 
k ~ s spectral lines, however, will cross the original resonance at a slightly later 
time after the mode s line. Suppose that the angular revolution frequency at cross- 
ing the original is WA and we want, the other k-s line to cross the complementary 
resonance at the same time. We have 

- w, = ( -np t YaO)W’ , (11) 

and 

w: = (n,, t Y.O)W’ ) (12) 

where nP and nP, are given by Eqs. (6) and (9) respectively. Note that -nP + vsO 
is negative and nP, t v,~ is positive. We therefore get 

We see that Eqs. (10) and (13) are incompatible. However, since v,o is extremely 
small, we can choose the position of the complementary resonance at 

%’ u: = w,- , 
%J 

(14) 

which is a shade too big for mode s and a. shade too small for mode k -- s. This 
is nice, however, because for both modes damping will come slightly after the 
growth. 

Next, we want to compute the time At for a spectral line to cross a resonance 
of width Au, and centered at w,. Kear w,, the angular velocity varies according 
to 

q(t) = at , (15) 

where cy is a. constant and t = 0 is t,he time when the resonance is crossed. We 
have then 

Au, = v,aAt , (16) 

where vP is given by Eq. (5). Recalling t,hat 

Au, = ~,~oIQ , (17) 



we arrive at 

At= L 
a& (18) 

To obtain a complete damping of the growth, from Eq. (l), the shunt impe- 
dance 2: and the quality factor Q’ are related to the original shunt impedance 2, 
and the original quality factor Q by 

,Vp,~e-(Vp’0~)2Z:/Q’2 = ~~~le-b’~~“)~Z,/Q~ (19) 

The extra factors of Q and Q, come from the crossing time At in Eq. (18). In most 
cases, the exponents in Eq. (19) are rather small; the exponentials can therefore 
be considered as unity and Eq. (19) simplifies to 

e vpz. =- 
Q12 Q2 (20) 

If we further demand that the time periods for growth and damping (or the 
crossing times of the two resonance) are exactly the same, Eq. (18) leads to 

Q’=Q, (21) 

and Eq. (20) becomes 

z::-z*g. (22) 

In reality, we do not know the shunt impedance Z, and the quality factor Q 
this accurately. Fortunately, we always have a small amount of Landau damping 
as a result of the synchrotron frequency spread. Thus, the above criteria (21) and 
(22) need not be st,rictly satisfied and the shunt impeda,nce of the complementary 
resonance can be fine-tuned to give t,he best damping result,. 

3 RESULTS 

We try to add a, complementary resonance to t,he resonance at 85.80 MHz with 
the following parameters: 

f? (MHz) Z, (MO) Q 
original 85.80 1.564 3378 

Complementary 72.02 1.887 3378 - 

according to Eqs. (21) and(22). Th e g rowth rates as functions of energy for modes 
53 and 31 are shown in Figs. 4 and 5. We see that in each case the damping comes 
in slightly after the growth as expected. Also in each case, the damping does not 
cancel the growt,h completely. However, the residual growths are damped by 
Landau damping. The growth rates (or damping rates) for all the k = 84 modes 
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are tabulated in Table I for each resonance. The last column shows the total 
growth rates with a Landau damping included. The amount of Landau damping 
is taken as4 

SW = -0.097v.@lou~ (23) 

4 MANY MODES 

Table I shows that the resonance at 85.80 MHz is crossed mainly by mode 53 
only (or mode 31 for damping). Although there are many neighboring modes that 
also grow: those growt,h rates are rather small because only the tail of the resonance 
is crossed. Under this situation, we have shown in the above sections that a 
complementary resonance and a small Landau damping can fix all the modes. In 
the Fermilab Booster, there is another annoying resonance at w,/Zx = 167.2 MHz, 
shunt impedance Z. = 0.0756 SIR, and quality factor Q = 1959. This resonance 
peak, being at a higher frequency, is crossed by spectral lines of modes 16, 15, 14 as 
the bunches are accelerated from transition to 8.9 GeV. As shown in Fig. 6, mode 
16 is excited first and then mode 15 and lastly mode 14. To cancel mode 16 at the 
time it is growing or just slightly after it grows, we need to put a complementary 
resonance at u: (and of course -w:) between spectral lines 15 and 16 of another 
band. This resonance, however, will excite a growth of mode 14 immediately, but 
the original resonance will only provide the necessary damping at a much later 
time. Also, this complementary resonance will be crossed by a spectral line of 
mode 71 and possibly mode 72, and no damping will be provided for these modes 
by t,he original resonance at all. We therefore conclude that when the peak of 
a resonance is crossed by spectral lines of more than one mode, the addition of 
a complementary resonance will not cure the growths, because although it will 
damp a certain mode it will cause growths in other modes that cannot be damped 
by the original resonance. 
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